Investigating how calcium release from the endoplasmic reticulum (ER) is triggered and coordinated is crucial to our understanding of how oligodendrocyte progenitor cells (OPs) develop into myelinating cells. Sparks and puffs represent highly localized Ca 2ϩ release from the ER through ryanodine receptors (RyRs) and inositol trisphosphate receptors (IP 3 Rs), respectively. To study whether sparks or puffs trigger Ca 2ϩ waves in OPs, we performed rapid high-resolution line scan recordings in fluo-4-loaded OP processes. We found spontaneous and evoked sparks and puffs, and we have identified functional cross talk between IP 3 Rs and RyRs. Local events evoked using the IP 3 -linked agonist methacholine (MeCh) showed significantly different morphology compared with events evoked using the caffeine analog 3,7-dimethyl-1-propargylxanthine (DMPX). Pretreatment with MeCh potentiated DMPX-evoked events, whereas inhibition of RyRs potentiated events evoked by low concentrations of MeCh. Furthermore, activation of IP 3 Rs but not RyRs was critical for Ca 2ϩ wave initiation. Using immunocytochemistry, we show OPs express the specific Ca 2ϩ release channel subtypes RyR3 and IP 3 R2 in patches along OP processes. RyRs are coexpressed with IP 3 Rs in some patches, but IP 3 Rs are also found alone. This differential distribution pattern may underlie the differences in local and global Ca 2ϩ signals mediated by these two receptors. Thus, in OPs, interactions between IP 3 Rs and RyRs determine the spatial and temporal characteristics of calcium signaling, from microdomains to intracellular waves.
Investigating how calcium release from the endoplasmic reticulum (ER) is triggered and coordinated is crucial to our understanding of how oligodendrocyte progenitor cells (OPs) develop into myelinating cells. Sparks and puffs represent highly localized Ca 2ϩ release from the ER through ryanodine receptors (RyRs) and inositol trisphosphate receptors (IP 3 Rs), respectively. To study whether sparks or puffs trigger Ca 2ϩ waves in OPs, we performed rapid high-resolution line scan recordings in fluo-4-loaded OP processes. We found spontaneous and evoked sparks and puffs, and we have identified functional cross talk between IP 3 Rs and RyRs. Local events evoked using the IP 3 -linked agonist methacholine (MeCh) showed significantly different morphology compared with events evoked using the caffeine analog 3,7-dimethyl-1-propargylxanthine (DMPX). Pretreatment with MeCh potentiated DMPX-evoked events, whereas inhibition of RyRs potentiated events evoked by low concentrations of MeCh. Furthermore, activation of IP 3 Rs but not RyRs was critical for Ca 2ϩ wave initiation. Using immunocytochemistry, we show OPs express the specific Ca 2ϩ release channel subtypes RyR3 and IP 3 R2 in patches along OP processes. RyRs are coexpressed with IP 3 Rs in some patches, but IP 3 Rs are also found alone. This differential distribution pattern may underlie the differences in local and global Ca 2ϩ signals mediated by these two receptors. Thus, in OPs, interactions between IP 3 Rs and RyRs determine the spatial and temporal characteristics of calcium signaling, from microdomains to intracellular waves.
Key words: calcium; confocal microscopy; cross talk; development; IP 3 receptor; muscarinic receptor; ryanodine receptor; oligodendrocyte progenitor; puffs; SERCA; sparks; Xestospongin C; wave Oligodendrocyte progenitors (OPs) must migrate and proliferate before differentiating into myelinating cells. During oligodendrocyte development, nearby neurons and astrocytes release growth factors and neurotransmitters that increase intracellular calcium ([Ca 2ϩ ] i ) in OPs. Ca 2ϩ mediates several developmental processes. Kirischuk et al. (1995) have proposed that subcellular Ca 2ϩ increases in OP processes initiate myelin formation. Platelet-derived growth factor (PDGF) promotes proliferation and migration in vitro (Noble et al., 1988; and in vivo (Calver et al., 1998; Redwine and Armstrong, 1998 ) through a Ca 2ϩ -dependent pathway (Simpson and Armstrong, 1999) . PDGF evokes Ca 2ϩ oscillations in cultured OPs (Fatatis and Miller, 1997) .
Activation of muscarinic m1 receptors in OPs increases inositol 1,4,5-trisphosphate (IP 3 ) and [Ca 2ϩ ] i (Cohen and Almazan, 1994) and is linked to Ca 2ϩ -dependent gene transcription (Pende et al., 1997; Sato-Bigbee et al., 1999) . Muscarinic receptorstimulated [Ca 2ϩ ] i increases may also play a role in OP proliferation (Cohen et al., 1996) but do not induce migration (Simpson and Armstrong, 1999) . We have been studying muscarinic agonist-mediated Ca 2ϩ signals in OPs, and we have found that Ca 2ϩ stores and release machinery are colocalized along OP processes , in effect forming specialized "rafts" (Krämer et al., 1999) . We were interested in studying microdomains of Ca 2ϩ release in more detail because localization of Ca 2ϩ signals is one way to regulate specific cellular processes.
Many cell types show highly localized Ca 2ϩ release events. "Ca 2ϩ puffs" represent local Ca 2ϩ release from the endoplasmic reticulum (ER) through IP 3 -gated ion channels (IP 3 Rs) (for review, see Parker et al., 1996) . Puffs arise from discrete sites at low IP 3 levels and become coordinated at higher IP 3 levels to produce global Ca 2ϩ waves and oscillations . Local Ca 2ϩ release can also be mediated by Ca 2ϩ -activated ryanodine receptors (RyRs). These events, called "Ca 2ϩ sparks", have kinetic and spatial profiles smaller than puffs (for review, see Cheng et al., 1996) . The hierarchical organization of Ca 2ϩ release from intracellular stores ranging from sparks and puffs to larger subcellular events and ultimately to global Ca 2ϩ waves suggests that cells can use considerable flexibility in the temporal and spatial pattern of a Ca 2ϩ response (Thomas et al., 1998) . Cross talk between signaling pathways may add another level of complexity (Sun et al., 1997) .
In this study, we investigated local Ca 2ϩ release events underlying wave initiation in OPs. We show that OPs express specific subtypes of IP 3 Rs and RyRs, which has implications for Ca 2ϩ release inactivation and wave initiation. We applied high-speed line scan confocal imaging analysis to study the role of these intracellular Ca 2ϩ channels in local and global Ca 2ϩ signaling. Activation of either IP 3 Rs or RyRs produced kinetically distinct local Ca 2ϩ release events, however cross talk between these receptors significantly altered these kinetics. Thus, RyRs and IP 3 Rs can interact to shape Ca 2ϩ signals in OPs. Interestingly, only IP 3 R activation was able to evoke Ca 2ϩ waves in OPs. Investigating how local Ca 2ϩ release events are triggered and coordinated is crucial to our understanding of how OPs develop into myelinating cells.
MATERIALS AND METHODS
OP culture preparation. OPs were obtained from 2-d-old rat pups, as previously described (Simpson and Russell, 1996) . Cortices were removed, stripped of meninges, then minced and briefly digested with trypsin at 37°C. Tissue was manually dissociated and plated on plastic 75 cm 2 flasks. C ells were maintained at 5% C O 2 and 37°C in DM EM with 10% FBS, 1% Pen /Strep, and f ungizone. After 7-9 d, the flasks were shaken at 37°C for 3 hr, medium was changed, then flasks were shaken overnight. Supernatant was spun down, resuspended, and plated onto a plastic Petri dish for 45 min to allow any endothelial cells, macrophages, and microglia to attach. OPs were highly enriched (Ͼ90%) in the resulting supernatant. C ells were plated onto poly-D-ornithine-coated 20 mm glass coverslips at a density of 1ϫ 10 Ϫ 5 cells per slip. After 1 hr, medium was replaced with serum-free N1 medium and supplemented daily with 1 g /ml PDGF. Enriched OP cultures were maintained at 10% C O 2 , 37°C. OPs were studied within 2 d of plating.
Immunoc ytochemistr y. C ells were rinsed in PBS, pH 7.2, fixed in cold 4% paraformaldehyde for 4 min, rinsed in PBS, and permeabilized in ice-cold 100% methanol. After rinsing, cells were incubated overnight at 4°C with primary antibody diluted in 10% goat serum. We used the specific anti-rabbit polyclonal I P 3 R antibodies for type 1 (1:100; Sharp et al., 1999) , type 2, or type 3 receptors (1:100; Affinity Bioreagents, Boulder, C O). We also used a monoclonal RyR antibody (1:100; C albiochem, La Jolla, CA), a type 1/2 anti-RyR antibody (34C; University of Iowa Hybridoma Bank; Walton et al., 1991) or an anti-rabbit polyclonal RyR type 3 antibody (1:100). The RyR3 antibody was raised against a specific C -terminal sequence of the RyR3 and has been shown to selectively recognize the mammalian RyR3 and avian ␤-RyR (Murayama and Ogawa, 1996) . C ells were rinsed, then incubated for 1 hr with the appropriate FI TC -or Rhodamine Red-X (RRX) conjugated secondary antibody (1:200; Jackson ImmunoResearch, West Grove, PA). For dual RyR3-I P 3 R2 staining, we used an anti-RyR3 antibody (1:100) raised in a goat and an anti-I P 3 R2 antibody (1:100) raised in a rabbit (Affinity Bioreagents) diluted in 10% donkey serum, and FI TC donkey anti-goat and RRX donkey anti-rabbit secondary antibodies (1:200; Jackson ImmunoResearch). After rinsing, coverslips were mounted using Mowiol (C albiochem). Background fluorescence was assessed in cells incubated with secondary antibody only. Immunofluorescence was visualized using a 40ϫ Zeiss Pan-Neofluar 1.30 NA objective and a Zeiss 510 confocal microscope. The pinhole was set for a Ͻ0.9 m optical section. FITC was excited using the argon ion laser 488 nm line; RRX staining was excited using the HeNe laser 543 nm line.
Microscopy of Ca 2ϩ events. Coverslips were loaded into a Leiden perf usion chamber, then OPs were loaded for 18 min at room temperature with 10 g /ml fluo-3 AM or fluo-4 AM (Molecular Probes, Eugene, OR). Indicator dyes (1000ϫ) were suspended in DMSO/10% pluronic acid. Bipolar OPs were selected for study that had long, straight processes with no crossing processes in the field of view. C ells were continuously perf used. Drugs and perf usion medium were applied locally through a multibarrel pipette; solutions were changed using stopcocks. The composition of standard perf usion medium was (in mM): 130 NaC l, 5.36 KC l, 0.8 MgSO 4 , 1 Na 2 HPO 4 , 25 glucose, 20 H EPES, 1 Na-pyruvate, 1.50 CaCl 2 , and 1 ascorbic acid, pH 7.3, ϳ320 mOsm.
Line scans were performed using a Z eiss L SM-410 inverted microscope fitted with a Z eiss Plan-Neofluor 40ϫ oil-immersion 1.3 NA objective, with excitation at the 488 nm line of an argon ion laser (Song et al., 1997) . The optical resolution of the microscope was 0.5 m in the horizontal plane and 1.0 m in depth, determined using 0.09 m fluorescent beads (Molecular Probes). Events were recorded in the line scan imaging mode at 4.3776 msec per 512 pixel line. One or more 512 pixel ϫ 1024 line images (4.483 sec /image) were obtained per experiment.
Global [C a 2ϩ ] i changes were studied using an inverted wide angle microscope. C ells were imaged using a Nikon 40ϫ 1.3 NA CF Fluor DL oil immersion lens or a Nikon 20ϫ Fluor 0.75 NA lens. Fluorescence images were acquired at 495 excitation and 510 emission through a microchannel plate intensifier with a CCD camera. Images were captured every 1 or 2 sec, then digitized (Yagodin et al., 1994) . Nonzero pixels within each region of interest were averaged and plotted as ⌬F/F o versus time.
Histogram data were plotted using KaleidaGraph (Synergy Software, Reading, PA). Data are reported as mean Ϯ SEM. Data were tested for significance using Welch's t test. Statistics were performed using InStat (GraphPad, San Diego, CA).
Detection and classification of local Ca 2ϩ events. Line scan data were analyzed and plotted using the I DL software environment (Research Systems Inc., Boulder, C O). L ocal C a 2ϩ release events were identified and measured in OPs using an algorithm developed by Cheng et al. (1999) in a slightly modified form. This algorithm selected events based on statistical deviation from background noise. A manual version of this algorithm allows some user input to locate event onsets in 3 ϫ 3 median and space-time (0.8 m, 17 msec, or 6 ϫ 4 window) smoothed images. Once a putative event onset is identified the algorithm: (1) measures the mean and SD of the local baseline image intensity (F o ), (2) locates the event peak by searching locally for points Ͼ3 SD above the background intensity, and (3) locates the event x-y coordinates. Several parameters are measured, including peak ( F) and normalized intensity (F/F o ), f ull width at half maximum (F W HM, in micrometers), f ull duration at half maximum (F DHM, in milliseconds), rise time (T peak , in milliseconds), and decay time (T decay , in milliseconds). The manual version was used because of the wide variation of event sizes in OPs and to discard false detections caused by dim signal or excess noise.
Preparation of membranes enriched in sarcoendoplasmic reticulum calcium ATPase-1. Sarcoplasmic reticulum (SR) membrane vesicles enriched in sarcoendoplasmic reticulum calcium ATPase-1 (SERCA-1) were prepared from back and hindlimb skeletal muscles of New Zealand White rabbits according to the method of Saito et al. (1984) . SERCA2-enriched vesicles were prepared from rat cardiac ventricle. The preparations were stored in 10% sucrose, 5 mM imidazole, pH 7.4, at Ϫ80°C until needed. Ca 2ϩ (Mg 2ϩ )ATPase activit y. Rates of SERCA-mediated ATP hydrolysis were determined directly using a coupled enzyme assay that measures the oxidation of NADH as a linear decrease in absorbance at 340 nm (Schwartz et al., 1969) . SR membrane vesicles (50 g of protein) were added to the temperature-controlled cuvettes at 37°C containing assay buffer consisting of 5 mM H EPES, pH 7.0, 100 mM KC l, 5 mM MgC l 2 , 60 M EGTA, 100 M CaCl 2 , 0.3 mM sucrose, 2 mM phospho(enol)pyruvate, 0.8 mM NADH, 24 U/ml LDH, 16.8 U of pyruvate kinase, and 1.5 g /ml of the C a 2ϩ ionophore A23187 (final volume 1.2 ml). Xestospongin C (XeC) (10 -100 M) or equivalent methanol or DMSO vehicle controls were introduced into test cuvettes 15-60 min before the start of the reaction. After zeroing the spectrophotometer, reactions were started by addition of 1 mM Na 2 ATP, and the total ATPase activity (measured as a linear decline in NADH absorbance) was monitored for at least 30 sec. The Ca 2ϩ -independent (non-SERCA) component of ATPase activity was measured by the addition of either 4 mM K 2 EGTA or 100 nM thapsigargin to the reaction mixture. C a 2ϩ -dependent rates were calculated as the difference between total ATPase and C a 2ϩ -independent rates. Each experimental condition was repeated 3-5 times, and the data represent mean Ϯ SD.
Macroscopic Ca 2ϩ transport measurement. Ca 2ϩ transport across SR vesicles was measured with the membrane-impermeant C a 2ϩ -sensitive dye, antipyrylazo III (APIII), using a diode array spectrophotometer (model 8452; Hewlett Packard, Palo Alto, CA). Skeletal SR vesicles (50 g /ml) were added to 1.15 ml of ATP-regenerating buffer consisting of 95 mM KC l, 20 mM potassium 3-(N-morpholino) propanesulfonic acid, 7.5 mM sodium pyrophosphate, 250 M APIII, 12 g /ml creatine phosphokinase, 5 M phosphocreatine, and 1 mM MgATP, pH 7.0 (final volume of 1.2 ml) (Palade, 1987) . Ruthenium red (10 M) was added to the assay medium to f ully inhibit RyR activation during measurement of rates of C a 2ϩ uptake (Feng et al., 1999) . Transport assays were performed at 37°C in temperature-controlled cuvettes with constant stirring. SR vesicles were loaded with a single addition of 80 nmol of C aC l 2 that constituted ϳ80% of their loading capacity. The initial rate of C a 2ϩ accumulation was measured by monitoring extravesicular changes in free Ca 2ϩ by subtracting the absorbance of APIII at 790 nm from absorbance at 710 nm at 2-4 sec intervals. At the end of each experiment, the total intravesicular C a 2ϩ was determined by addition of 3 M of the C a 2ϩ ionophore A23187, and the absorbance signals were calibrated by addition of 12 nmol or 24 nmol of C aC l 2 from a National Bureau of Standard stock solution. The actions of XeC (50 M) were studied by adding the compound 15-60 min before initiating C a 2ϩ loading. XeC at the concentrations used in this study did not interfere with the absorbance properties or calibration of the APIII dye. Each experimental condition was repeated 3-5 times, and the data are shown as mean Ϯ SD.
Chemicals. Methacholine (MeCh), 2-methyl-thio ATP (2-MeSATP), DM PX, A23187, APIII, ruthenium red, ryanodine, and thapsigargin were purchased from Sigma (St. L ouis, MO) and Research Biochemicals (Natick, M A). 2-aminoethoxydiphenylborane (2-APB) was from Tocris (St. L ouis, MO); XeC and U73122 were from C albiochem (San Diego, CA). XeC was also provided by T. F. Molinski (University of C alifornia, Davis, CA).
RESULTS

OP process dimensions
OPs in culture show a bipolar morphology, with processes extending Ͼ100 m from the cell soma ( Fig. 1 A) . Processes were cylindrical, averaging 2-3 m in diameter in every plane ( Fig.  1 B-D) . For all experiments, a scan line was oriented along a straight section of an OP process. The cell soma was approximately threefold thicker and wider than the processes. Average soma width, measured perpendicular to process extension, was 8.12 Ϯ 0.46 m (n ϭ 3); thickness averaged 11.16 Ϯ 0.039 m (n ϭ 4) (Fig. 1 D) .
Localization of RyR and IP 3 R clusters
IP 3 R and RyR isoforms have distinct single channel kinetics. Because the isoform or isoforms expressed may determine the dynamics of local events and Ca 2ϩ waves (Hagar et al., 1998; Conklin et al., 2000) , we investigated which subtypes were expressed in OPs. We found specific immunoreactivity to IP 3 R2 and RyR3 antibodies (Fig. 2) . OPs did not show specific staining with the antibody 34C, which recognizes type 1 and 2 RyRs. In parallel experiments this antibody reacted strongly in skeletal muscle cells (data not shown). OPs did not show immunoreactivity to antibodies for IP 3 R1 or IP 3 R3 (data not shown).
Distinct patchy immunofluorescence for IP 3 R2 and RyR3 was seen along OP processes. RyR3 patches appeared larger then IP 3 R2 patches. In many cases, IP 3 Rs and RyRs were colocalized (Fig. 2 B) . Although IP 3 R2 was usually expressed in patches with RyR3, IP 3 R2 immunoreactivity often was seen without RyR3 (Fig. 2C) . The distribution pattern suggests overlapping but distinct roles for these Ca 2ϩ release channels so that in some regions IP 3 Rs and RyRs may interact, whereas in other areas IP 3 Rs may act independently.
Local Ca 2؉ release in OP processes
The first specific goal of our study was to determine whether OPs manifested localized Ca 2ϩ release events similar to sparks or puffs. Sparks represent Ca 2ϩ release from clusters of RyRs and show a characteristic time (30 msec) and space (2 m) profile (Cheng et al., 1993) . Puffs are generated by release through IP 3 Rs and have an average duration of 100 msec and width of 2-3 m . Local release events in neurons may involve both IP 3 Rs and RyRs and are significantly larger than sparks or puffs, with a spatial spread of 5-6 m and a duration close to 1 sec (Koizumi et al., 1999) .
Albeit infrequently, spontaneous local release events could be unequivocally resolved in OPs by high spatiotemporal resolution Figure 1 . OP process dimensions. OPs display long bipolar processes. A, A 40ϫ field of view of fluo-4-loaded OPs at typical density. Scale bar, 40 m. The perfusion pipette was positioned just outside of the field of view, and the pipette diameter was the size of the field. B, A process of a typical OP shown at 8ϫ zoom. Scale bar, 4 m. Average process width in the xy plane was 2.42 Ϯ 0.02 m (n ϭ 11). C, To determine cross-sectional thickness, processes were scanned in the yz plane. Process thickness averaged 3.124 Ϯ 0.23 m (n ϭ 3). Scale bar, 4 m. D, To determine uniformity of process thickness, processes were scanned in the xz longitudinal plane. This image shows both the soma and process. Processes were typically 2.58 Ϯ 0.15-m-thick along the scan line (n ϭ 7). Scale bar, 4 m. line scan imaging. A typical example of a spontaneous event is shown in Figure 3 . Events were measured after manually identifying regions of interest within a line scan image. Events had a characteristic sharp onset (Fig. 3D ), lateral propagation (Fig. 3A) , and exponential decay to baseline (Fig. 3D) .
We observed nine spontaneous events in three of 51 OP processes scanned under basal conditions. None of these events triggered a wave. These events exhibited an amplitude of 1.10 Ϯ 0.02 F/F o , a FWHM of 2.37 Ϯ 0.42 m, and a FDHM of 67.60 Ϯ 16.03 msec. Local release events resolved in OPs thus fall between "classical" Ca 2ϩ sparks and puffs and are significantly smaller than the elementary release events described in neurons. Because RyRs and IP 3 Rs in OPs are largely quiescent, we studied local release events using specific IP 3 R and RyR agonists.
Ca
2؉ sparks evoked by a caffeine analog
Local Ca 2ϩ release events could be evoked by applying the caffeine analog DMPX (1-2.5 mM; n ϭ 96 events in 27 cells).
DMPX applied in standard perfusion medium elicited events with a characteristic spatial profile (Fig. 4) . Events were significantly larger in amplitude than spontaneous events (F/F o ϭ 1.31 Ϯ 0.009; p Ͻ 0.0001), but were otherwise indistinguishable with an FWHM of 2.37 Ϯ 0.18 m and an FDHM of 66.35 Ϯ 6.8 Figure 2 . IP 3 R2 and RyR3 colocalized. Confocal images focused on OP processes show beaded pattern of expression IP 3 Rs and RyRs. Scale bars, 10 m (for all panels). A, OPs soma and processes express RyR3 ( green) and IP 3 R2 (red). Immunoreactivity for IP 3 R2 was strong throughout the cell, whereas RyR3 appeared to be excluded from the nuclear membrane area. Both receptors showed a patchy distribution along processes. B, A process from A enlarged to show frequent colocalization of IP 3 R2 and RyR3. C, Another process from A enlarged to show IP 3 R2 and RyR are not always colocalized. In this process, IP 3 R2 is expressed in small patches along the entire process. RyR expression is limited to larger patches that do not completely overlap with IP 3 R2. msec. DMPX events frequently repeated at the same site and occurred concurrently with an increasing [C a 2ϩ ] i (Fig. 4 A) . In the accompanying high-pass-filtered image (Fig. 4 B) , only the event areas with the highest rate of change are shown, i.e., the centers of mass. All events had a center of mass at exactly the same location, indicating that the same receptor or receptor cluster was activated in each repeat. As ambient [Ca 2ϩ ] i rose, event morphology increased in complexity (Fig. 4C) . At lower [Ca 2ϩ ] i , event width was described by an arc with a single peak (Fig. 4 D1) ; as ambient [Ca 2ϩ ] i increased, event width profiles showed multiple peaks (Fig. 4 D2) and events became wider (Fig.  4 D3) , as if neighboring release units had been recruited.
Ca
2؉ puffs evoked by phospholipase C/IP 3 -linked agonists
We could evoke local events reliably using the phospholipase C (PLC)/IP 3 -linked muscarinic agonist MeCh (3 M; n ϭ 64 events in 34 cells) or 2-MeSATP (1 M; n ϭ 12 events in 7 cells). Events occurred within a second of agonist application, and they were frequently repeated in the same location (Fig. 5A, top) . By highpass filtering the line scan image, we were able to show that the first event had three centers of mass, one of which was also found in the subsequent event (Fig. 5A, bottom) . The same release sites were thus involved in both events.
MeCh and DMPX-evoked local events showed kinetic differences (Table 1) . MeCh events showed a larger amplitude and smaller spatial spread than DMPX events. MeCh event amplitudes show a bimodal distribution (Fig. 5B, top) , with an average of 1.43 Ϯ 0.02 F/F o , significantly larger than DMPX events ( p Ͻ 0.0001). Conversely, the distribution of MeCh event widths was compressed compared with DMPX events (Fig. 5B, middle) , with a significantly smaller width profile (1.75 Ϯ 0.09 m; p ϭ 0.0028). Finally, MeCh event durations showed a modal distribution with peaks at 40 and 80 msec (Fig. 5C, bottom) . However, there was no significant difference between the average FDHM of MeCh events (69.55 Ϯ 5.8 msec) and DMPX events. These distinct morphological profiles suggest that MeCh-and DMPX-evoked events were attributable to opening of different classes of Ca 2ϩ release channels.
The morphology of local events was also affected by reducing agonist concentration (Table 1) . Event amplitude was significantly lower in OP processes treated with 30 nM MeCh (1.32 Ϯ 0.02 F/F o ; n ϭ 45; p ϭ 0.0006) compared with 3 M MeCh. Time to peak (T peak ) was also significantly slower in cells treated with 30 nM MeCh (30 nM: 103.0 Ϯ 9.8 msec, n ϭ 44; 3 M: 74.3 Ϯ 5.6 msec, n ϭ 63; p ϭ 0.0130). FWHM and FDHM were not significantly affected. Clearly activation of local Ca 2ϩ release is linked to agonist concentration: events were faster and higher amplitude at higher MeCh concentrations. However, without pharmacological characterization, we cannot exclude that MeCh and DMPX are activating different sized clusters of the same release channel type. To ascertain which release channels are involved in cytosolic Ca 2ϩ rises in OPs, we began by testing the effects of release channel antagonists on global [Ca 2ϩ ] i rises using wide-angle microscopy. Experiments in fluo-3-loaded OPs showed that global Ca 2ϩ rises evoked by 100 nM MeCh were abolished by the PLC inhibitor U73122 (20 M), as well as by the IP 3 R antagonists XeC (20 M) and 2-APB (100 M) (Fig. 6 A1) . At higher concentrations of agonist, these antagonists were less effective at inhibiting global Ca 2ϩ responses, as if the MeCh dose-response relationship had shifted rightward. Only U73122 decreased the number of cells responding (% responders) to 3 M MeCh. However, the peak amplitude of MeCh-evoked global Ca 2ϩ rises was significantly decreased in cells treated with XeC ( p Ͻ 0.0001; n ϭ 44) or 2-APB ( p ϭ 0.0051; n ϭ 316) (Fig. 6 A2) . Incubation with ryanodine up to 300 M did not block MeCh (3 M)-evoked global rises (MeCh: 205 of 215 cells respond; MeCh ϩ ryanodine: 183 of 215 cells respond).
Local Ca 2ϩ release was similarly affected by IP 3 R antagonists. In line scan experiments, XeC and 2-APB blocked MeCh (30 nM)-evoked events in ϳ30% of OPs (Table 2 ). In the XeC-treated cells that did respond to MeCh, events were of significantly smaller amplitude than in untreated cells (ϩXeC: 1.27 Ϯ 0.06, n ϭ 51; p ϭ 0.0268) (Fig. 6 B1) . The effects of XeC on Ca 2ϩ response amplitude were not caused by blockade of SERCAdriven ATPase activity (Fig. 7A) or to general inhibition of Ca 2ϩ uptake (Fig. 7B) . XeC, up to a concentration of 100 M, did not inhibit Ca 2ϩ -ATPase activity and did not block Ca 2ϩ uptake into isolated sarcoplasmic reticulum vesicles (Fig. 7) . Finally, ryanodine did not affect the number of cells showing MeCh-evoked local events or the number of events per cell (Table 2) . Thus, our data show that Ca 2ϩ release by IP 3 Rs and not RyRs likely mediates local events generated by MeCh. DMPX (2 mM) evoked subcellular but not global Ca 2ϩ rises that were too small to be resolved using wide-angle microscopy (n ϭ 280), so we studied local DMPX Ca 2ϩ release using line scan analysis. Ryanodine and both XeC and 2-APB inhibited the probability of DMPX-evoked local events (Table 2) . Ryanodine treatment alone did not evoke events. Ryanodine and XeC decreased both the number of cells that responded to DMPX and the number of events per cell, whereas 2-APB decreased only the number of responding cells. The fact that XeC and 2-APB influence DMPX-evoked events may indicate either that there is interplay between IP 3 Rs and RyRs in DMPX-evoked Ca 2ϩ release, or that these two inhibitors act on both receptor types. Although XeC has low affinity for RyRs (Gafni et al., 1997) , 2-APB has no effect on RyR function (Maruyama et al., 1997) . Thus, our data suggest that DMPX-events are mediated by RyRs, but IP 3 Rs contribute to the signal. It is possible that RyRmediated Ca 2ϩ release activates PLC and causes IP 3 generation in the local cellular domain.
Cross talk between IP 3 Rs and RyRs
Although MeCh events were mediated by IP 3 Rs, they were modulated by RyRs. In line scan experiments, the probability of MeCh (30 nM)-evoked events was not affected by ryanodine (Table 2 ), but the amplitude was significantly increased (control: 1.31 Ϯ 0.01 F/F o , n ϭ 61; ϩryanodine: 1.43 Ϯ 0.04 F/F o , n ϭ 18; p ϭ 0.0227) (Fig. 6 B1) . In addition, events were wider (control: 2.53 Ϯ 0.26 m; ϩryanodine: 4.07 Ϯ 0.6 m; p ϭ 0.0279) (Fig.  6 B2) than in control cells. RyRs colocalized with IP 3 Rs in OP processes contribute to event size but not frequency. MeCh pretreatment potentiated subsequent DMPX-evoked local events (Fig. 6C ). OPs were stimulated with MeCh (3 M) for 15 sec, then tested with DMPX (2 mM) after 1, 3, or 5 min (Fig.  6C3) . After 1 min, two of five cells treated with DMPX showed four events, many fewer then in control cells. After 3 min, DMPX responsiveness was restored: five of five cells showed 24 events. These events had a higher amplitude than control events (preMeCh: 1.28 Ϯ 0.01 F/F o , n ϭ 48; post-MeCh: 1.33 Ϯ 0.02 F/F o , n ϭ 24; p ϭ 0.0238) (Fig. 6C1) . After 5 min, DMPX events were significantly wider than in control cells (pre-MeCh: 3.02 Ϯ 0.28 m, n ϭ 48; post-MeCh: 5.26 Ϯ 0.5 m, n ϭ 17; p ϭ 0.0005) (Fig.  6C2) . The decreased responsiveness to DMPX at the 1 min interval was not caused by Ca 2ϩ stores being emptied by MeCh. As shown in Figure 6C4 , MeCh evoked repeatable Ca 2ϩ rises whether applied at an interval of 3, 5, or 1 min. Together, these data show that previous stimulation of IP 3 Rs enhances activity of RyRs over several minutes and provide evidence for significant cross talk between IP 3 Rs and RyRs.
Ca
2؉ sparks, macrosparks, and propagating Ca 2؉ waves: hierarchical Ca 2؉ signaling DMPX-evoked spark repeats Local events were initiated with a 10 sec latency after the onset of DMPX (1-2.5 mM) application. Events continued to fire as long as the agonist was applied (up to 2 min). Events repeating in the same location were seen frequently. Often, repeats terminated in a larger but spatially restricted burst of Ca 2ϩ , but similar to spontaneous events DMPX did not trigger global Ca 2ϩ waves (Fig. 8 A) . We measured 23 separate repeating sparks in 13 cells. There was a distinct change in size between the first and last spark: the amplitude increased 1.51 Ϯ 0.13-fold, whereas the FDHM increased 5.61 Ϯ 1.9-fold, and the FWHM increased 4.50 Ϯ 0.9-fold. DMPX-evoked local events are not all-or-none phenomena. Events increased ambient [Ca 2ϩ ] i and facilitated Ca 2ϩ release from neighboring release units, but stopped short of initiating a wave.
MeCh-evoked events: elementary events evolve into macroevents and initiate a wave
In OPs, the relationship between local and global Ca 2ϩ signaling events was distinctly different for agents that target RyRs versus IP 3 Rs. The PLC/IP 3 -linked agonists MeCh (3 M) and 2-MeSATP (1 M) evoked local events immediately (Ͻ1 sec) after application. Once initiated, events often repeated atop increasing ambient [Ca 2ϩ ] i , then inevitably resulted in a global Figure 6 . Cross talk between IP 3 R and RyR. A, MeCh-evoked global [Ca 2ϩ ] i rises were mediated by IP 3 Rs in OPs. Ca 2ϩ rises were measured in fluo-3-loaded OPs using wide-angle microscopy at a collection speed of 1 frame/sec. Responders were cells that showed a fluorescence rise Ͼ10% over the prestimulus baseline level. A1, At lower concentrations of agonist, agents that inhibit PLC or block IP 3 Rs abolished evoked Ca 2ϩ responses. Cells were pretreated with U73122 (10 M) or XeC (20 M) for 20 min or perfused with 2-APB for 5 min before testing with MeCh. A2, Cells responding to 3 M MeCh were inhibited by IP 3 R antagonists. The plot shows that peak amplitude of global Ca 2ϩ responses was significantly inhibited by XeC and 2-APB. B, C, Elementary events were modulated by agents that block IP 3 Rs or RyRs. Elementary events evoked by 30 nM MeCh or 2 mM DMPX were recorded in fluo-4-loaded OP processes using line scan confocal microscopy. B1, Ryanodine (10 M) enhanced and XeC reduced the amplitude of MeCh (30 nM)-evoked events. B2, Ryanodine also enhanced the width of MeCh-evoked events. C, DMPX events were modulated by pretreatment with MeCh (3 M). C1, Three minutes after pulsing with MeCh, DMPX events showed a higher amplitude ( p ϭ 0.0238; n ϭ 24). C2, Five minutes after MeCh, DMPX event width was increased ( p ϭ 0.0005; n ϭ 17). C3, A diagram of the three MeCh prepulse protocols. Cells were treated with MeCh ( M ) for 15 sec, then washed for 1, 3, or 5 min (open bar) before testing with DMPX (stippled bar). C4, Ca 2ϩ stores were not depleted by the MeCh pulse, as shown in this representative trace from a wide-angle microscopy experiment (n ϭ 440). MeCh applied for 15 sec (black bars) at 3, 5, and 1 min intervals evoked repeatable amplitude Ca 2ϩ responses. Ca 2ϩ wave (MeCh: 81% of cells; 2-MeSATP: 100%) (Fig. 8 B) . Local events were usually embedded in the wave onset (Fig. 8 B,  inset) .
We found that 30 nM MeCh never evoked a global Ca 2ϩ wave (n ϭ 89), whereas 3 M MeCh evoked a wave in 75 of 89 cells (Fig. 6 A1) . Using line scan confocal microscopy, we were able to measure subcellular [Ca 2ϩ ] i responses to 30 nM MeCh, both local events and aborted waves (wavelets) (Fig. 8C) . The onset slope of these wavelets (measured between 10 and 90% maximum) was significantly slower than for 3 M MeCh (3 M: 0.14 Ϯ 0.02 ⌬F/msec, n ϭ 8; 30 nM: 0.019 Ϯ 0.003 ⌬F/msec, n ϭ 10; p ϭ 0.0008). To obtain wave speed from line scan plots, time at 50% maximum intensity was plotted versus position along the process, and then line segments were fitted to these plots (Yagodin et al., 1994) . As with onset slope, wave propagation speed was signifi- Figure 7 . Xestospongin C does not inhibit SR/ER Ca 2ϩ (Mg 2ϩ )ATPase nor alter the rate of Ca 2ϩ accumulation. XeC (50 -100 M) has been reported to inhibit Ca 2ϩ accumulation into SR-ER in permeabilized smooth muscle cells (De Smet et al., 1999) . To directly test the action of XeC on SERCA pump activity, SR membrane vesicles enriched in SERCA1 were tested for dose-and time-dependent inhibition of thapsigargin (TG)-sensitive ATPase activity. A1, XeC as high as 100 M preincubated for 10 min had negligible effect on TG-sensitive ATP hydrolysis. A2, XeC (50 M) preincubation for up to 60 min had no effect on TG-sensitive ATP hydrolysis. B, The initial rate of Ca 2ϩ uptake into SR membrane vesicles was measured with the dye APIII as described in Materials and Methods. XeC (50 M) preincubated with SR for up to 60 min before uptake was initiated had negligible influence on Ca 2ϩ uptake rate. This preparation was tested for potency toward blockade of IP 3 -induced Ca 2ϩ release in isolated cerebellar microsomes (IC 50 , 420 nM; IC 95 , 1 M). cantly slower in cells treated with 30 nM MeCh (3 M: 120 Ϯ 3 m/sec, n ϭ 8; 30 nM: 23 Ϯ 0.5 m/sec, n ϭ 10; p ϭ 0.0053).
The transition from local event to wavelet is best illustrated in Figure 8C , which shows Ca 2ϩ release evoked by 30 nM MeCh. Local events repeated at the same site. As ambient [Ca 2ϩ ] i increased, so did event size. Neighboring sites were recruited, generating macroevents and then at a critical juncture, a wavelet was triggered. Unlike the global wave shown in Figure 8 B, the onset and lateral propagation of the wavelet evoked by 30 nM MeCh is much slower, and propagation did not proceed Ͼ20 m from the initiation site. (Naraghi and Neher, 1997 ). An elementary event may reflect a single channel opening or Ca 2ϩ flux through a small cluster of channels; evidence in favor of the latter is increasing (Thomas et al., 1998; Xun et al., 1998; Gonzalez et al., 2000) . With advances in Ca 2ϩ measurement and imaging technology, it is becoming clear that signal selectivity is conferred by spatial restriction and temporal patterning of the Ca 2ϩ signal. For example, in the cerebellum Ca 2ϩ domains in both neurons and glia are thought to determine input specificity for long-term synaptic strength changes (Finch and Augustine, 1998; Grosche et al., 1999) . Our data provide evidence that sparks and puffs provide a means for localized signaling in OPs.
DISCUSSION
The size of a local release event is determined by the number of channels recruited and the Ca 2ϩ flux through individual channels. In OPs, we show that at higher MeCh concentrations, event morphology was significantly different from DMPX-evoked events. Using specific pharmacological tools, we show that RyRand IP 3 R-gated channels independently can mediate Ca 2ϩ release from the ER. DMPX is a caffeine analog that acts on the RyR (Bennett et al., 1996) , and ryanodine inhibits DMPX-evoked events in OPs. MeCh is known to increase IP 3 in OPs (Cohen and Almazan, 1994) . Agents that inhibit PLC or the IP 3 R, including XeC, also inhibit MeCh-evoked Ca 2ϩ signals, and MeCh event probability is not affected by ryanodine. That we did not see complete blockade of MeCh events with XeC or 2-APB may be attributable to the low concentrations used, slow permeation, or receptor subtype specificity of these antagonists.
De Smet et al. (1999) reported that extended incubation of permeabilized cells with 100 M XeC depleted stores of Ca 2ϩ by a mechanism involving SERCA pump inhibition. Their conclusion was that XeC was not a useful tool for investigating the role of IP 3 R in signaling because of its nonspecific actions on membranes. More recently, however, several reports have used much lower concentrations of XeC to selectively block IP 3 R signaling. For example, XeC does not induce store-operated channels, which are potentiated by Ca 2ϩ store depletion (Rosado and Sage, 2000; van Rossum et al., 2000) . Furthermore, XeC does not affect basal Ca 2ϩ oscillations, but does inhibit IP 3 -evoked potentiation of oscillations (Miyamoto et al., 2000) . In the present report we provide direct measurements of SERCA1 activity in the presence and absence of XeC. SERCA1 exposed to XeC at 50 -100 M for 10 -60 min (50 -100-fold the concentration needed to fully inhibit IP 3 R) neither altered thapsigargin-sensitive ATPase activity nor the rates of active Ca 2ϩ accumulation. Similar experiments performed on SERCA2 isolated from rat cardiac muscle also showed insensitivity to XeC (data not shown). Taken together, these results demonstrate that XeC lacks direct inhibitory activity toward SERCA pumps and can be used successfully to probe the role of IP 3 R in signaling.
OPs express specific Ca 2ϩ release channel subtypes: RyR3 and IP 3 R2. These receptors are expressed in patches along OP processes, similar to Ca 2ϩ wave propagation sites in other glial cells Laskey et al., 1998 
Wave initiation is mediated by IP 3 Rs
In OPs, Ca 2ϩ wave initiation seems to be dependent on activation of IP 3 Rs. Wave onset slope and propagation speed were proportional to MeCh concentration. Wave speed was similar to that reported in other glial cells (Dani et al., 1992; Yagodin et al., 1994) . It appeared that local release events raised the ambient [Ca 2ϩ ] i until at some threshold, a wave was triggered. At lower MeCh concentrations, more discrete events preceded wave initiation, and global waves were reduced to wavelets with a spatial spread that did not exceed our field of view (Ͻ40 m). At higher concentrations of MeCh, this initiation process took less time, so that events repeated with shorter time intervals and were buried in the wave onset.
The IP 3 R-gated ion channel is under dual-ligand control, requiring both Ca 2ϩ and IP 3 (Moraru et al., 1999) . Graded Ca 2ϩ signals are composed of autonomous elementary events. Increasing signal strength activates more receptors until signal strength reaches a threshold level when events become coordinated to produce a global signal (Lechleiter and Clapham, 1992; Marchant et al., 1999) . We show that wave initiation in OPs fits this paradigm: local events coordinate to produce a global signal; the efficiency of coordination is dependent on both IP 3 and [Ca 2ϩ ] i . Such a mechanism of wave propagation has been proposed in a number of model systems (Bezprozvanny, 1994; Roth et al., 1995; Tang et al., 1996; Dawson et al., 2000) .
Interestingly, we found that OPs express only IP 3 R2s. In singlechannel studies, Ramos-Franco et al. (1998) seems well suited for triggering Ca 2ϩ waves. Indeed, the IP3R2 is necessary for the expression of long-lasting Ca 2ϩ oscillations in B-cells (Miyakawa et al., 1999) .
Although IP 3 Rs trigger global Ca 2ϩ waves in OPs, RyR-gated Ca 2ϩ release seems to act on a more restricted spatial scale. DMPX never elicited waves in OPs. Instead, it appeared that RyRs are activated at low [Ca 2ϩ ] i , and as levels increase, event size increased but did not trigger a propagating Ca 2ϩ wave. We show that OPs express RyR3. Studies in RyR null-mutant mice indicate that RyR3 activation generates sparks but does not support excitation-contraction coupling (Conklin et al., 1999 (Conklin et al., , 2000 . Single-channel studies have shown that RyR3 is caffeineand ryanodine-sensitive, that Ca 2ϩ alone can activate RyR3, and that the channel shows a bell-shaped activation by Ca 2ϩ (Chen et al., 1997) . Activation of the RyR3 in OPs appears to evoke highly localized Ca 2ϩ signals. Certainly, local Ca 2ϩ release from intracellular stores is critically important for cell guidance and migration during brain development (Simpson and Armstrong, 1999; Zheng, 2000) .
Cross talk between RyR and IP 3 R
In addition to their separate roles, in OPs IP 3 Rs and RyRs appear to modulate each other. Ryanodine, which inhibited DMPX events, caused MeCh-evoked events to become wider and taller. RyRs may be exerting an inhibitory influence on neighboring IP 3 Rs, perhaps by preferentially binding Ca 2ϩ . On the other hand, ryanodine blockade of the RyR may prevent a Ca 2ϩ leak from the ER and thereby enhance responsiveness of IP 3 Rs located on the same stores.
Potentiation of DMPX-evoked events by MeCh took several minutes to develop. This can be explained in at least two ways: (1) activation of Ca 2ϩ release channels promotes clustering of IP 3 Rs and/or RyRs into homoreceptor or heteroreceptor patches. When receptors are in closer proximity, the same size signal will activate more receptors through Ca 2ϩ -induced Ca 2ϩ release. In some systems, neurotransmitters can promote receptor aggregation and even heterodimerization (Sabatini et al., 1999; Rocheville et al., 2000) . IP 3 R2 clustering is induced by stimulation of muscarinic receptors in hamster lung fibroblast cells (Wilson et al., 1998) . Clustering occurred within 5-10 min of stimulus, about the same time frame seen in OPs for DMPX event potentiation by pretreatment with MeCh. In muscle cells, allosteric interactions have been shown to be important for RyR activity . (2) Activity of either receptor may be altered by post-translational modification. In addition to movement within the ER membrane, IP 3 Rs and RyRs are potentiated by association with accessory proteins such as calmodulin (for review, see Makrill, 1999) or by phosphorylation (Bird et al., 1993; Nakade et al., 1994) . In OPs, MeCh acts through a G q -coupled cell surface receptor linked to MAP kinase and cAMP kinase activity (Pende et al., 1997) . In other cells, activation of G q -coupled plasma membrane receptors is sufficient to cause phosphorylation of the cAMP-dependent protein kinase A (Wojcikiewicz and Luo, 1998) , which can potentiate the IP 3 R and RyR by phosphorylating FKBP (Cameron et al., 1997; Marx et al., 2000) .
Functional implications
Unlike sparks and puffs in other cell types, local events in OPs rarely arise spontaneously, suggesting that Ca 2ϩ release from the ER is tightly regulated. Indeed, Ca 2ϩ release from intracellular stores in OPs is critical for transduction of signals that promote proliferation and differentiation into myelin-producing cells (Cohen et al., 1996) . Many plasma membrane receptors are downregulated after OP differentiation (Kastritis and McCarthy, 1993; He and McCarthy, 1994) , a process that seems to be dependent on neuronal activity (He et al., 1996) . As in neurons, Ca 2ϩ microdomains evoked by transmitter or growth factor release from neighboring cells may mediate process extension and pathfinding in OPs. Once OPs find a neuron to myelinate, global Ca 2ϩ signals in response to neuronal activity may activate gene transcription and ultimately cell differentiation Stevens and Fields, 2000) .
